ABSTRACT: The rutile TiO 2 (011) surface exhibits a (2 × 1) reconstruction when prepared by standard techniques in ultrahigh vacuum (UHV). Here we report that a restructuring occurs upon exposing the surface to liquid water at room temperature. The experiment was performed in a dedicated UHV system, equipped for direct and clean transfer of samples between UHV and liquid environment. After exposure to liquid water, an overlayer with a (2 × 1) symmetry was observed containing two dissociated water molecules per unit cell. The two OH groups yield an apparent "c(2 × 1)" symmetry in scanning tunneling microscopy (STM) images. On the basis of STM analysis and density functional theory (DFT) calculations, this overlayer is attributed to dissociated water on top of the unreconstructed (1 × 1) surface. Investigation of possible adsorption structures and analysis of the domain boundaries in this structure provide strong evidence that the original (2 × 1) reconstruction is lifted. Unlike the (2 × 1) reconstruction, the (1 × 1) surface has an appropriate density and symmetry of adsorption sites. The possibility of contaminant-induced restructuring was excluded based on X-ray photoelectron spectroscopy (XPS) and low-energy He + ion scattering (LEIS) measurements.
■ INTRODUCTION
Many technologically important processes take place at the interface between solid and aqueous solutions. Knowledge of the interfacial structure is therefore essential in order to understand, control, and potentially improve the processes. The interaction of water with solid surfaces has been widely studied on different classes of materials. 1−3 While the structure of the first water layer on metals is understood to a significant extent, 4−6 interaction of water with oxides is generally more complex as both surface metal and oxygen atoms can act as Hbinding sites. 7, 8 Titanium dioxide (TiO 2 ) is a prototypical metal oxide, 9 and most of its numerous applications involve liquid water on the surface such as in photocatalytic water splitting. While the interaction of low-pressure gas-phase water with TiO 2 has been studied extensively, studies of the liquid water−TiO 2 interface are scarce. Recently, the interaction of liquid water with TiO 2 (110), the predominant rutile surface, has been studied by exposing the surface to humid environment and subsequently characterizing it in ultrahigh vacuum (UHV) 10−12 or directly by STM in liquid. 13, 14 Here we report on the interfacial structure between the less-investigated (011) surface of TiO 2 rutile and liquid water. This surface is the second-lowest energy termination of TiO 2 rutile and constitutes a sizable fraction of equilibrium-shape nanoparticles. 15 In addition, a difference in photocatalytic activity of the (011) surface with respect to the (110) has been reported. 16 The (011) surface exhibits a (2 × 1) reconstruction when prepared in UHV. The "brookite (001)-like" model of the (2 × 1) reconstruction was proposed on the basis of STM and surface X-ray diffraction (SXRD) measurements and DFT calculations. 17, 18 According to DFT predictions, 19 the (2 × 1) reconstruction is no longer favorable in a liquid-water environment and deconstructs to the bulk-terminated (1 × 1) structure. It has in fact been proposed recently 20 that the surface structure of titania and metal oxides is in general different from the structure known in UHV in the presence of adsorbates. For example, the ability of the (011) surface to reversibly change its structure in response to adsorbed molecules of acetic acid has been demonstrated in ref 21 .
In this study we interface the TiO 2 (011)-(2 × 1) surface with liquid water in order to approach application-relevant conditions, while performing the experiments in a highly controlled manner to avoid contamination-induced artifacts and enable interpretation of the results. Our experimental results show that the (2 × 1) reconstruction of the TiO 2 (011) surface is lifted in accordance with the DFT predictions, 19 and an ordered array of surface hydroxyls with apparent higher symmetry remains on top of the (1 × 1) surface when the sample is reintroduced to UHV.
■ METHODS Experimental Details. The experiments were performed in a UHV chamber with a base pressure of 1 × 10 −10 mbar equipped with STM, XPS, LEIS, low-energy electron diffraction (LEED), and a separately pumped load lock.
The sample was mounted on a Mo Omicron-type sample holder with Ta clips. The TiO 2 rutile (011) sample (MTI Corp., one side polished) was prepared by cycles of Ar + ion sputtering (1 keV, 0.6 μA/cm 2 , 20 min) with a rastered ion source (SPECS, IQE 12/38) and radiative annealing up to 680°C
. The temperature was measured with a K-type thermocouple spot-welded on the sample-holder clamp and independently verified by an infrared pyrometer (LumaSense Impac IGA 140, emissivity 77%). The purity of gases (Ar, He, O 2 ) was checked with a quadrupole mass spectrometer (SRS RGA 100). Formic acid (HCOOH, Sigma-Aldrich, purity 98%) for the C 1s reference measurement on TiO 2 rutile (110) was cleaned by several freeze−pump−thaw cycles and purity checked with the RGA prior to dosing.
The STM images were acquired with an Omicron UHV STM-1 at room temperature in constant-current mode with positive sample bias (imaging empty states). The sample bias and tunneling current are indicated in each STM image. For STM tips electrochemically etched W wire (0.5 mm) was used, cleaned by Ar + sputtering, and conditioned in situ by applying voltage pulses. Fourier transforms of STM images were obtained from images corrected for distortions.
22 XPS measurements were conducted with a dual-anode X-ray source (Mg Kα and Al Kα) and a SPECS PHOIBOS 100 analyzer at both normal emission (0°from the surface normal) and grazing emission (60°from the surface normal) with a pass energy of 20 eV. Overview scans were acquired with a pass energy of 60 eV. In LEIS measurements an incident beam of He + ions with 1225 eV kinetic energy was scattered at an angle of 137°and detected with the same hemispherical analyzer at a pass energy of 110 eV. The background He pressure was 5 × 10 −8 mbar, and the sample current was 10 nA. The ion beam was not rastered during LEIS measurements but stationary on one place. A few spectra on different places of the sample were acquired and averaged. For low-energy electron diffraction (LEED) an Omicron SPECTALEED was used at electron energies denoted in the figures. A dark frame (zero screen voltage) and flat field (LEED image of the polycrystalline sample holder at the same energy) were acquired and used for correcting the LEED images for inhomogeneous illumination, screen, and camera artifacts.
A typical experiment proceeded in the following way: The sample was prepared by sputtering and annealing cycles and characterized in UHV prior to exposing it to liquid water. Then the sample was brought to the load lock (base pressure 1 × 10 −9 mbar), which was then separated from the main chamber and vented with argon (99.999% purity, additionally purified with an in-line sorption filter MC50-902 FV from SAES). The load lock was then opened in order to dose a small drop (volume 20 μL) of fresh, ultrapure H 2 O (Milli-Q, Millipore, 18.2 MΩ·cm, ≤3 ppb total organic carbon) using a pipet (Eppendorf). The water droplet spread on the hydrophilic surface forming a thin layer of liquid water. Emphasis was placed on minimizing the time of the sample exposure to Ar at atmospheric pressure (typically <10 s). During that time, a slight argon overpressure was maintained inside the load lock. Some backstreaming of the air in the argon flow is assumed to be responsible for the small carbon peak observed by XPS. The wet sample was then brought back into the load lock and immediately evacuated using a liquid-nitrogen-cooled sorption pump (Ultek, PerkinElmer). In the case of a small droplet (as used in the present study) the liquid water evaporated immediately after opening the pump. In the case of bigger drops the liquid water went through the triple point due to the sudden pressure drop, transiently boiling and freezing at the same time. The frozen flake on the sample surface then slowly sublimed.
After ca. 1 min of pumping the pressure reached 1 × 10 −2 mbar, and the load lock was opened to a turbomolecular pump running at full speed behind a gate valve. Within 5−10 min the load lock was evacuated to 1 × 10 −6 mbar, which allowed transfer into the main chamber (1 × 10 −10 mbar) for analysis. The sample was then characterized with STM, XPS, LEIS, and LEED, in this order to minimize ion-or electron-beam-damage artifacts.
Computational Details. The density functional theory (DFT) calculations were performed within the plane-wave/ pseudopotential formalism as implemented in the Quantum ESPRESSO package 23 using the Perdew−Burke−Ernzerhof (PBE) exchange-correlation functional. 24 Wave functions were expanded in plane waves up to a kinetic energy of 25 Ry together with a cutoff of 200 Ry for the augmented density, and reciprocal space was sampled using a 1 × 2 × 1 mesh. Ultrasoft pseudopotentials 25 included Ti(3s, 3p, 3d, 4s), O(2s, 2p), and H(1s) valence states. The surface was represented by a four layer thick slab with in-plane dimensions of 9.213 Å × 5.461 Å and a 10 Å vacuum gap along the surface-normal direction. Structural relaxations were carried out until forces converged below 0.05 eV/Å. Atoms belonging to the bottom-most TiO 2 layer were kept fixed at their bulk position. STM images were computed in constant-density mode using the Tersoff− Hamann approach. 26 Born−Oppenheimer molecular dynamics at 300 K starting from the relaxed structures were performed to account for the thermal motion of the adsorbed OH groups in STM images. Following 0.97 ps of equilibration, STM images were computed every 0.0097 ps over 4 ps. These data sets were then averaged to obtain STM images with finite-temperature effects.
■ RESULTS Experimental Results. TiO 2 Rutile (011): UHV-Prepared Surface. The TiO 2 rutile (011)-(2 × 1) surface was prepared by sputtering and annealing in UHV. The typical appearance in STM is shown in Figure 1a . Bright zigzag rows run along the [011̅ ] direction with dark rows in between these, corresponding to ridges and valleys of the (2 × 1) reconstruction. Figure 1d shows the calculated, fully relaxed structure and a simulated STM image for the reconstructed (2 × 1) termination. The typical zigzag rows agree well with experimental STM images recorded in UHV ( Figure 1a ). The STM contrast depends strongly on the tunneling conditions.
18, 27 The additional, brighter features originate from residual water adsorption in the UHV chamber, most likely via water dissociation on O vacancies that result from standard UHV preparation procedures. Here the density of adsorbed residual water is relatively high as the image was acquired ca. 7 h after preparation. The fast Fourier transform (FFT) in Figure 1b shows a (2 × 1) reciprocal lattice, as does LEED in Figure 1c TiO 2 Rutile (011): Surface after Exposure to Liquid H 2 O. After the (2 × 1) surface was exposed to liquid water and transferred back into the UHV chamber, it was first characterized with STM to exclude the possibility of beam damage by other techniques (mainly LEIS and LEED). The STM image in Figure 2a shows that the (2 × 1) reconstruction is not retained after contact with liquid water. Instead, an ordered array with an apparent "c(2 × 1)" symmetry with respect to the bulk-terminated (1 × 1) surface is observed. This pseudohexagonal arrangement can also be viewed as the (1 × 1) structure with every other row shifted by half a unit-cell distance in the [011̅ ] direction. The FFT pattern in Figure 2b corresponds to the reciprocal lattice of such a "c(2 × 1)" structure. It can be described as a (2 × 1) reciprocal pattern (Figure 1b) with extinctions alternatingly at fractional and integral order spots. Half of the spots of the (2 × 1) pattern are extinct, namely those with indices (h, k), that satisfy the condition h + 1/2k = n + 1/2, where n is an integer. Contrary to STM, LEED shows all spots of the (2 × 1) pattern ( Figure  2c ). Here, because of mechanical constraints, the sample normal was not aligned perpendicular to the LEED screen, and therefore the (0,0) spot of the pattern is not at the center. Because of nonperpendicular incidence of the electron beam, the glide plane symmetry is broken and (0, 2n − 1) spots are only attenuated but do not vanish completely.
STM also shows domain boundaries running along the [011̅ ] direction, visible as brighter rows in Figure 2a . The two domains at either side appear to be shifted with respect to each other by half a unit cell along the boundary. The existence of antiphase domains on the surface is manifested by the elongation and splitting of some of the FFT and LEED spots. The spot splitting occurs only at fractional spots both in FFT and LEED (Figure 2b,c) . In the FFT of the STM image, half of the fractional spots (h, k), where k is an even number, are completely missing due to the apparent higher symmetry of the lattice. Some of the half-order spots in LEED (Figure 2b) do not show such a clear splitting at this electron beam energy (70 eV). For example, the (1/2, 1) spot appears to be single In some parts of the crystal, small areas of the (2 × 1) reconstruction were still present even after the contact with liquid water. Such reconstructed area is part of the STM image in Figure 3 and allows us to analyze how the new "c(2 × 1)" structure connects to the original (2 × 1) reconstruction. Alternating rows of the "c(2 × 1)" structure are in line with the ridges (bright zigzag) and valleys (dark) of the (2 × 1) reconstruction.
Surface Spectroscopy (XPS and LEIS). Special attention was placed on maintaining sufficiently clean conditions to be able to exclude the possibility of contaminant-induced artifacts. This was verified by characterizing the sample with XPS and LEIS before and after contact with liquid water. Figure 4 shows comparisons of detailed XPS regions of the O 1s, Ti 2p, and C 1s core levels of the UHV-prepared surface and the surface after having been in contact with liquid water. There is a small highbinding-energy shoulder in the O 1s peak corresponding to a dissociated water (OH) peak at 532.1 eV. The OH shoulder is more pronounced in grazing emission (60°from surface normal) and indicates the presence of dissociated water at the surface. The small decrease at 457 eV in the Ti 2p spectrum upon exposure to liquid water (marked with an arrow) is consistent with an oxidation of Ti x+ (x < 4) defect species to Ti 4+ . While the C 1s spectrum in Figure 4c , acquired in normal emission, is almost identical to that of the clean surface, the spectrum in Figure 4d , acquired in grazing emission for higher surface sensitivity, shows a minor increase in adventitious carbon (binding energy of 284.2 eV) and a smaller, second peak at 288.5 eV. Reference 11 has attributed a similar C 1s peak at 289 eV to bicarbonate on TiO 2 rutile (110) which forms spontaneously in the ambient environment. Apart from this minor increase of carbon signal no impurities were detected upon the water drop exposure (see the Supporting Information for an XPS overview).
For a quantitative estimate of C contamination, we prepared a saturation coverage (0.5 ML) of formate (HCOO − ) on the TiO 2 rutile (110) surface by dosing excess HCOOH in UHV. Formic acid adsorbs dissociatively on TiO 2 (110) at room temperature and forms a dense (2 × 1) layer containing one carbon atom every two Ti 5c surface atoms (1/2 carbon atom per unit cell). 28 On such a surface a reference XPS spectrum with the same system and settings was acquired. By comparing the spectra in Figure 4c , the carbon contamination of the liquid water experiment could be quantified to be below 0.10 ML. A pseudohexagonal structure that somehow resembles the one in Figure 2a has been observed in ref 29 . Such a structure was attributed to Ca impurities segregating from crystal bulk 30 or intentionally prepared as mixed oxide monolayer by depositing metals (Fe, Cr, Ni, V) in oxidizing atmosphere. 31 In order to address the possible presence of such impurities, we complemented the XPS measurements with LEISa method that provides an extremely high sensitivity to the composition of the topmost atomic layer. On the UHV-prepared surface only the O (mass 16) and Ti (mass 48) peaks were detected (see Figure 5) . No foreign elements were detected by LEIS also after contact with liquid water.
On the basis of these spectroscopic data, we can infer that there are no conspicuous impurities at the surface after contact with liquid water and that the observed overlayer is composed of dissociated water on the TiO 2 surface.
Computational Results. Figures 6a and 6b show the bulk (1 × 1) termination with the lowest-energy arrangements of two dissociated water molecules per (2 × 1) unit cell (dissociative adsorption is 0.11 eV per water molecule more favorable than molecular adsorption). A total of 18 different arrangements were tested (see Supporting Information); all other cases were more than 0.22 eV higher in energy (per (2 × 1) unit cell). The structure in Figure 6a is 0.05 eV higher in energy than the one in Figure 6b , which is due to the fact that the latter forms an additional H bond per OH group. However, the absence of this additional H bond increases the degrees of freedom of the structure depicted in Figure 6a and thereby its entropy. This structure is thus expected to be entropically favored at finite temperature. The thermal motion of the terminal H is also taken into account when simulating STM images. At finite temperature STM is expected to produce an average of the various possible configurations; the simulated images in Figures 6a,b are obtained from averaging over structures in a 4 ps MD run. From the calculated STM images it is apparent that both the reconstructed structure in Figure 1d and the configuration in Figure 6b are predicted to show as rows, whereas the configuration in Figure 6a has a hexagonal-like appearance, where mostly OH groups contribute to the contrast.
■ DISCUSSION
The requirement that the observed structure has to form on top of the (1 × 1) surface is already evident from the STM image (Figure 2a) . The neighboring rows of the observed "c(2 × 1)" structure are imaged as equivalent except for the half-unit-cell shift along the row. This is also demonstrated by the extinctions in the FFT (Figure 2b ). Unlike the (2 × 1) reconstruction with its alternating valleys and ridges, the (1 × 1) surface provides a sufficient density of equivalent adsorption sites. Despite this precondition, a number of OH arrangements on top of the (2 × 1) reconstruction were tried computationally. None of them, however, had the right symmetry and density matching the STM observation.
The structure observed by STM (Figure 2a ) agrees well with the simulated STM image in Figure 6a . Here, the hydroxyl groups are bound to 5-fold-coordinated Ti surface atoms of the (1 × 1) surface and form an overlayer with a (2 × 1) symmetry. The superstructure, with two OH groups per unit cell, has a glide reflection present along the [011̅ ] direction and can be classified as pg according to 2D symmetry groups. (Figure 6a) shows almost equidistant rows of protrusions. While the OH groups in the neighboring rows are pointing in different directions, they are at the same height, which leads to the apparent "c(2 × 1)" symmetry and a smaller diamond-shape cell of the OH groups (see Figure 7b ). This apparent higher symmetry observed by STM is responsible for the extinction of half the (2 × 1) spots in the FFT of the STM image ( Figure  2b) . Domains: Spot Splitting. As observed by STM (Figure  2a) , there are domains within the OH overlayer. The domains are separated by domain boundaries that appear as brighter rows along the [011̅ ] direction in STM (see Figure 2a) . The structure calculated in Figure 6b could well represent the local structure of such an antiphase domain boundary; as the density of OH is locally higher compared to the domain, it can be classified as a heavy domain wall. 32, 33 The width of the domains is not fully uniform and can vary with experimental parameters; slightly bigger domains (seven rows in width) were observed in another experiment. The small domains observed in Figure 2a and the resulting high density of domain walls increase the overall coverage of hydroxyls.
The typical domain width in Figure 2a is five rows (ca. 23 Å) and thus smaller than the coherence length of the electron beam (in the range of ∼100 Å). 34 Antiphase domains diffract coherently, which leads to characteristic effects, including splitting of some beams, in the diffraction pattern. 35 Since the antiphase boundaries are parallel and regularly spaced, a splitting of these beams takes place in the direction perpendicular to the orientation of the boundaries.
The general features can be obtained by considering two subdomains of identical dimensions. 35 The interference function for this arrangement contains a modulating function, which depends on the vector d connecting the two subdomains (see Figure 7) . The vector d = d 1 a 1 + d 2 a 2 , where a 1 and a 2 are the lattice base vectors of the (1 × 1) substrate, determines the phase shift between scattered electrons from the neighboring 
where h and k are indices of the diffracted beams, d 1 and d 2 are components of the connecting vector d, and n is an integer number. Figure 7 shows a model of (1 × 1) surface of TiO 2 rutile (011) with two antiphase domains of the (2 × 1) OH overlayer on top (as in Figure 6a ). The domains are separated by a domain boundary (calculated structure in Figure 6b ). In Figure  7a , two equivalent (2 × 1) unit cells across the domain boundary are highlighted with a rectangle. The connecting vector across the domain boundary can be expressed as d = 3a 1 + 0a 2 . By substituting this vector, eq 1 becomes 6h = 2n + 1. Therefore, only the half-order beams (where h is a fractional number) fulfill the condition. Only the fractional spots are split, in agreement with the experimental LEED pattern (Figure 2c) . If the domains formed on top of the original (2 × 1) reconstructed surface, which has negligible density of domain boundaries, the half-order spots would be sharp.
The different perception of the structure by LEED and the FFT results in different connecting vectors across the domain boundary. The two differently oriented OHs per (2 × 1) unit cell are not discriminated by STM, which leads to an apparent diamond-shape unit cell (highlighted in Figure 7b ). The two nearest "c(2 × 1)" unit cells are now connected by a different vector, d′ = 2a 1 + 1 / 2 a 2 . As the equation above becomes 4h + k = 2n + 1, only the (h, k) spots with odd k-index will be split. This is again in agreement with observed spot-splitting in the FFT in Figure 2b . In fact, this description points again at the spots with fractional value of h-index. In the reciprocal pattern of the "c(2 × 1)", all the present spots with odd k-index have a fractional h-index (and vice versa).
Proposed Mechanism. On the basis of our experimental results and DFT calculations, we propose the following mechanism occurring on the TiO 2 (011) surface in liquidwater environment. The (2 × 1) reconstruction of the UHVprepared surface is lifted when the surface is in contact with liquid water, as predicted in ref 19 . The deconstruction is achieved by rearranging only the surface atoms, and there is no The Journal of Physical Chemistry C Article mass transport involved. After evacuation of the liquid water, dissociated water remains adsorbed on terminal, undercoordinated Ti 5c atoms of the (1 × 1) surface. These hydroxyls form an ordered overlayer with (2 × 1) symmetry and two hydroxyl groups per unit cell.
The results reported here are distinctly different from those reported in the literature in the case of vapor-phase water dosed on the sample at low temperature, where 1D water chains along the [011̅ ] direction were observed on top of the (2 × 1) reconstruction. 36, 37 At low temperature, dense layers can be formed but the activation energy required to lift the reconstruction, dissociate water molecules, and form an ordered structure cannot be overcome. On the other hand, at room temperature, the gas-phase water adsorbs mainly on the surface defects but does not form dense layers under the low-pressure conditions of a UHV experiment.
It is well-known that the presence of adsorbates often changes the surface structure. For TiO 2 (110) it was shown recently 20 that the substantial relaxations of the clean surface are lifted upon adsorption of methanol, which in turn affects the interaction between neighboring adsorbed molecules. A similar effect was postulated to occur for acetic acid adsorption on TiO 2 (011), where weak interaction was observed on the (2 × 1) surface under UHV conditions, 21 but one-dimensional clusters formed at higher exposures. Interestingly, exposure to water vapor at relatively high pressures (10 −3 mbar) showed similar one-dimensional rows. 21 In contrast to the work presented here, no chemical analysis was provided. One challenge with high-pressure experiments is possible contaminants, which were carefully avoided in the present work. The complete lifting of the reconstruction in an aqueous environment, as first postulated based on DFT calculations, 19 can thus be confidently considered as confirmed, with the additional observation that the unreconstructed surface will be covered with dissociated water.
■ SUMMARY AND CONCLUSION
The TiO 2 rutile (011)-(2 × 1) surface was prepared and characterized in UHV. The surface was then exposed to liquid water and after evacuation of remaining water characterized again in UHV. A restructuring upon contact with liquid H 2 O at room temperature was observed. In line with theoretical predictions, 19 the surface deconstructed into a bulk-terminated (1 × 1) surface. On top of the (1 × 1) surface an ordered overlayer of dissociated water formed with a (2 × 1) symmetry containing two hydroxyl groups per unit cell. In STM, an apparent higher "c(2 × 1)" symmetry was observed. XPS and LEIS measurements excluded restructuring due to contaminants.
The results reported here differ from the studies of gas-phase water adsorption on the same surface reported in the literature. The TiO 2 rutile (011) is an exemplary system where surfacescience studies closer to real conditions are needed to be able to transfer the knowledge into applications.
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